Background: Previous studies examining high-frequency emergency department (ED) utilization have primarily
of asthma severity have been associated with increased frequency of ED utilization. 5 Among children, the rate of ED visits for asthma increased by 13.3% from 2001 to 2010, with children who were from racial/ethnic minorities or who had government insurance at the highest risk for an asthma-related ED visit. 6 However, our current strategies for identifying patients at risk of high-frequency ED utilization for asthma are quite limited. Patients are primarily identified after the pattern of utilization has occurred, when opportunities for intervention may be more limited. Successful identification of patients at risk of high-frequency ED utilization for asthma could assist in intervention development by providing a "high-risk" cohort for researchers.
Previously reported predictive models for asthmarelated health care utilization have used heterogeneous samples with varying amounts of clinical and administrative data. Multiple models have found that prior ED or hospital utilization is predictive of subsequent use. [7] [8] [9] [10] [11] [12] However, many models used information about previous prescriptions 7, 8, 12 or detailed prior history and laboratory testing 12 that are unlikely to be available to an ED provider, 7, 8, 12 limiting their clinical utility. In addition, several studies were only able to ascertain return visits to a single center, potentially leading to ascertainment bias if patients visited a different hospital. 10, 11 This is of particular importance for emergency care as up to 32% of return visits could be to a different institution. 13 To the best of our knowledge, there have been no direct comparisons between the health system models (with data that may not be available to an individual provider at the bedside) and the individual hospital models (which may suffer from ascertainment bias). For both clinicians and researchers, understanding the relative utility of those two approaches is key for interpreting studies reporting risk factors for high-frequency utilization and designing future research.
Therefore, the goals of this study were 1) to derive a predictive model for high-frequency ED utilization for asthma using data typically available to an ED clinician at the time of the visit and 2) to compare the performance of predictive models generated using two different methods for outcome ascertainment: one using all statewide visits (capturing index and nonindex hospitals) versus another using single-center (index hospitals only) visits.
METHODS

Study Design
We analyzed data from the Healthcare Cost and Utilization Project (HCUP) State Emergency Department Databases (SEDD). The SEDD contains all ED visits for a state that resulted in discharge, transfer, or death in the ED. Individual patients were tracked through episodes of care using the deidentified patient ID (visitlink) provided by HCUP. Our analytical data set included 3 years (2011-2013) of New York State data. New York SEDD was chosen for analysis because it has the most pediatric visits among states with patient-linked SEDD data. 14 Patients were eligible for inclusion if they had an asthma visit, defined by ICD-9 codes 493.00 through 493.92, in the index year (2012). For each unique patient, the index visit was defined as the first asthma visit to the ED (as found in the SEDD) during the index year and the hospital in which that visit occurred was identified as the index hospital. We excluded patients with an ED disposition indicating death since achievement of the outcome would not be possible. All analyses were performed separately for children (age < 21 years) and adults. We chose 21 years of age to best reflect age-related treatment and triage patterns based on prior data showing that 64% of pediatric EDs have an age limit of <21 years. 15 Outcome and Exposure Variables Previous utilization year assessed during the 365 days preceding the index visit. The primary outcome, highfrequency utilization of the ED for asthma, was defined as four or more visits within 365 days after the index visit. This structure reduces the potential for seasonal variation or misinterpretation of utilization patterns within a single calendar year. We chose to define high-frequency utilization as four or more visits to be consistent with the prior literature. 1, 16, 17 Exposure variables were selected a priori to test for a possible association with our outcome. Exposure variables included age, sex, race/ethnicity, insurance status, prior ED utilization, index visit month, time of presentation, day of week, disposition on index visit, and median household income by ZIP code. We created four variables describing prior ED utilization dichotomized into the groups less than four and four or more visits to the ED: 1) ED visits for any cause to any location, 2) ED visits for asthma to any location, 3) ED visits for any cause to index hospital, and 4) ED visits for asthma to index hospital. For pediatric patients, we additionally created a variable to identify the presence of any complex chronic condition using the classification scheme developed by Feudtner et al. 18 Data Analysis All analyses were performed using Stata 14.1 (StataCorp). To evaluate the associations between patient factors and high-frequency ED utilization for asthma, we performed unadjusted analyses using chi-square, Fisher's exact test, or Wilcoxon rank-sum test, as appropriate. Data are presented as counts, proportions, and medians with interquartile ranges. All p-values were two-tailed, with p < 0.05 considered statistically significant.
The goal of the multivariable modeling was to investigate differences in optimal model performance between statewide and single-center data. Therefore, two separate models were derived for each age category (children and adults). The first model included statewide (index and nonindex hospital) visits; the second model included single-center (index hospital only) visits. Data from all 3 years were randomly split into two sets: 50% to develop the model (derivation set) and 50% to measure its performance (test set). Primary analyses were conducted with a derivation set-test set approach. We used a three-step approach. In the first step, all candidate model predictors were selected a priori for possible inclusion in the model, regardless of significance in the univariate analysis. In the second step, Akaike's information criterion (AIC) was used to select predictors for inclusion. Variables were checked for inclusion manually, one at a time, and the set of variables with the lowest AIC score was chosen. In the third stage, we examined the discrimination/calibration measures for this set of predictors and made changes to the model to get the highest AUC. The model was adjusted for overfitting/underfitting and the most parsimonious model was selected (please see Data Supplement S1 [available as supporting information in the online version of this paper, which is available at http://onlinelibrary.wiley.com/doi/10.1111/ace m.13342/full] for variable selection table).
Final covariate selection was based on clinical importance, statistical significance, and the AIC model scores. After the multivariable model was finalized using the derivation set, its performance was reevaluated in the test set. Model results are reported as odds ratios (ORs) with 95% confidence intervals (95% CIs).
We compared model performance in both sets using the AUC and the Hosmer-Lemeshow (H-L) goodnessof-fit test. For a secondary analysis of model performance, we then used 10-fold cross validation to calculate overall model performance using all data (i.e., derivation and test sets combined). The optimal cut point to maximize sensitivity and specificity was identified in the derivation set and evaluated in the test set. This work was determined to be exempt from institutional review board review by the Children's Hospital of Philadelphia Institutional Review Board.
RESULTS
In the full cohort, high-frequency ED utilization for asthma was observed in 2,417 of 94,258 (2.56%) pediatric patients using statewide visits, compared to 1,853 of 94,258 (1.97%) for index hospital visits only. Among adults, the corresponding results were 7,779 of 159,874 (4.87%) and 5,053 of 159,874 (3.16%), respectively. For children, there were 50,604 return ED visits for asthma, of which 42,435 (83%) were to the index ED. For adults, the corresponding numbers were 118,489 return visits, of which 86,549 (73%) were to the index ED.
Pediatric
Pediatric patient characteristics for statewide (index and nonindex hospitals) and single-center (index hospital only) ED visits for asthma are shown in Table 1 . The median age was similar between children with and without high-frequency utilization (8 and 9 years, respectively). Of the children with high-frequency ED utilization, 72% were publicly insured, compared to 57% of those without high-frequency ED utilization (p < 0.001). In the multivariable logistic regression model developed in the derivation set for statewide visits, sex, race/ethnicity, presence of a complex chronic condition, prior statewide ED visits for any cause, index visit month, index visit day of week, and disposition were significant predictors of high-frequency ED utilization for asthma in the outcome year ( Table 2) . H-L goodness-of-fit test showed that the model's estimates fit the data at an acceptable level in the derivation and the test set. The AUCs for the derivation and the test sets were 0.71 (95% CI = 0.69-0.73) and 0.70 (95% CI = 0.69-0.72), respectively (Figure 1 ). Using 10-fold cross validation, the AUC was 0.70 (95% CI = 0.69-0.72). Using the optimal cutpoint to maximize sensitivity and specificity (0.02), the ACADEMIC EMERGENCY MEDICINE • June 2018, Vol. 25, No. 6 • www.aemj.org For the pediatric single-center model, race/ethnicity, presence of a complex chronic condition, prior statewide ED visits for any cause, and index visit month were significant predictors of high-frequency ED utilization for asthma in the outcome year ( Table 2 ). The AUCs for the derivation and the test Using the optimal cut-point to maximize sensitivity and specificity (0.02), sensitivity was 59.1%, specificity was 69.5%, and the negative predictive value was 98.8.
Adult
Adult patient characteristics for statewide and singlecenter ED visits for asthma are shown in Table 3 . Of the patients with high-frequency utilization, 69% were on Medicare or Medicaid, compared to 51% of those without high-frequency utilization (p < 0.001). In the multivariable logistic regression model developed in the derivation set for statewide visits, age at index visit, sex, median income by patient zip code, primary insurance, prior statewide ED visits for any cause, and index visit month were significant predictors of highfrequency ED utilization for asthma ( Table 4 ). The AUCs for the derivation and the test sets were 0.76 (95% CI = 0.76-0.77) and 0.76 (95% CI = 0.75-0.77), respectively ( Figure 2 ). Using 10-fold cross-validation, the AUC was 0.76 (95% CI = 0.76-0.77).
Using the optimal cut-point to maximize sensitivity and specificity (0.04), sensitivity was 67.1%, specificity 70.7%, and negative predictive value 97.7%. For the adult single-center model, sex, race/ethnicity, median income by patient zip code, primary insurance, prior statewide ED utilization for any cause, index visit month, and index visit time were associated with high-frequency ED utilization for asthma ( Table 4 ). The AUCs for the derivation and the test sets were 0.76 (95% CI = 0.75-0.77) and 0.76 (95% CI = 0.75-0.77), respectively ( Figure 2 ). Using 10-fold cross-validation, the AUC was 0.76 (95% CI = 0.75-0.77). Using the optimal cut-point to maximize sensitivity and specificity (0.03), sensitivity was 66.5%, specificity 71.5%, and negative predictive value 98.5.
DISCUSSION
Administrative data available at the index ED visit predicted subsequent ED utilization for asthma with AUC ranging from 0.70 to 0.76. Compared to the pediatric models, the adult models were more influenced by age, income, and prior any-cause ED utilization, rather than asthma-specific utilization. As expected, in both the adult and the pediatric populations, fewer patients were categorized as high-utilizers in the model that used single-center visits. However, both statewide and single-center models performed similarly. Despite the underidentification of high-frequency utilization, single-center data can still be useful for identifying risk factors.
Previously specified predictive models have reported a range of model performances from an AUC of 0.69, with sensitivity of 48% and specificity of 82% 7 to sensitivity of 25% and specificity of 92%. 8 Hanson et al. 10 found that prior acute care visits for asthma predicted subsequent acute care visits with an AUC of 0.75, after adjustment for age, sex, race, and insurance status, and the association between prior ED visits and subsequent ED visits for asthma has been shown elsewhere as well. 11 One study using a clinical score found an AUC of 0.75 for predicting exacerbation, 9 and a very complex model utilizing multiple clinical risk factors had an AUC of 0.87 for predicting four or more asthma attacks in 2 years. 12 Given that the current study was limited to administrative data, the AUCs of 0.70-0.76 are consistent with, or a slight improvement on, prior results.
Compared to the pediatric models, the adult models were more influenced by age, income, and primary insurance, potentially describing cost pressures in adults that are reduced in children. Qualitative interviews suggest that adult patients with asthma choose the ED for a number of reasons that are related to income-including concerns about insurance status, lack of medication and inability to access outpatient providers. 19 The absence of an association with age in the pediatric models differs from prior reports. Highfrequency ED utilization for any cause has been associated with younger age in multiple pediatric studies. 1, 16 However, the highest-utilization group in those studies is children < 1 year of age, who would not be diagnosed with asthma, potentially explaining why age was not significantly associated in our cohort.
From a clinical perspective, predictive models such as the one described here could be added to electronic medical record systems to flag potential high-risk patients for increased case management, primary care, or specialty referral resources. For example, one study found that patient navigators reduced primary care related ED visits over 12 months, but not over the full 24 months of follow-up, for patients aged 18-65 with public insurance or who were uninsured. 20 In that study, the savings were greater than the costs of the program. 20 For patients with asthma, reported reasons for ED use include lack of asthma medications and inability to access outpatient providers because of time availability, referral of severe cases to the ED or insurance status, as well as perceptions of appropriate locations of care based on symptom severity. 19 Interventions to address high-frequency utilization will need to consider the issues of access and availability, as well as unmet educational needs. One systematic review examining non-ED interventions to reduce ED visits found that educational interventions had the largest effect. 21 A successful educational intervention will need careful attention to the role of limited health literacy, 22, 23 a driver of ED use for both adults and children.
For researchers, a predefined cohort at increased risk for high-frequency utilization, identified at their index visit, would be the ideal population in which to study interventions to reduce ED utilization for asthma and improve systems of care. In particular, this patient population could be targeted for efforts to ensure that guideline-recommended management was optimized, as adult patients with high-frequency utilization of the ED for asthma are often not receiving recommended therapies. 5 Of additional importance for researchers is the finding that the model performance was similar between statewide and single-center visits. As expected, in both the adult and the pediatric populations, fewer patients were categorized as high-utilizers in the model that used single-center visits. A study of patients with high ED utilization in Maryland found that 18% of the individuals with more than five ED visits visited more than three hospitals, and only 59% made more than five visits to any one hospital, suggesting that the rest would be underidentified by single-center studies. 24 Using HCUP data, Duseja et al. 13 found that 32% of ED revisits (within 3 days of an index visit) were at a different institution. Surprisingly, however, in our study both statewide and single-center models performed similarly. This may be because patients with asthma are more likely to return to the same institution, as it represents an acute exacerbation of a chronic disease for which the patient may be undergoing treatment at a particular center. Overall, these data suggest that, despite the potential for underidentification of high-frequency utilization, singlecenter data can still be useful for identifying risk factors and developing models to identify high-risk groups. We hope that these results will encourage centers to investigate the creation and utilization of models to identify patients at high risk of ED utilization for asthma, even if only single-center data are available. 
LIMITATIONS
The large sample size in this study allowed for robust modeling, including easily collectable and available covariates. However, the absence of clinical data in this administrative data set likely limits the strength of the predictive model. For example, we were able to adjust for complex chronic conditions in the pediatric analyses, but not for Elixhauser comorbidities in the adult analyses, due to the absence of diagnosis-related group data in SEDD. We also did not have data on underlying severity or chronic treatment of asthma. Additional limitations of the data set include minimal data on socioeconomic variables, resulting in the utilization of median income by patient ZIP code, a proxy measure of actual household income. Furthermore, we defined index hospital as the first hospital the patient visited for asthma in the index year, which could result in the index hospital not being their primary site of care (if that visit was to another hospital by chance or if they move). Subsequent analyses could consider using claims data to define index hospital based on frequency of individual hospital use. Although we investigated single-center and statewide models separately, we used prior statewide visits for any cause as a potential predictor, which is unlikely to be available to a single-center unless reported by the patient. Finally, the asthma care patterns in New York may not be fully generalizable to other states.
CONCLUSION
Data available at the index ED visit can predict subsequent high-frequency ED utilization for asthma with AUC ranging from 0.70 to 0.76. Model accuracy was similar regardless of whether outcome ascertainment included statewide visits or was limited to index hospital visits. These data suggest that predictive models could be used to identify patients who may require additional resources, and create a high-risk cohort for subsequent research. In addition, single-center outcome ascertainment of return visits appears adequate for identifying a cohort of patients at increased risk of high-frequency ED utilization for asthma.
